Fatty acid biosynthesis is a promising novel antibiotic target. Two inhibitors of fatty acid biosynthesis, platencin and platensimycin, were recently discovered and their molecular targets identified. Numerous structure-activity relationship studies for both platencin and platensimycin are currently being undertaken. We established a proteomic signature for fatty acid biosynthesis inhibition in Bacillus subtilis using platencin, platensimycin, cerulenin, and triclosan. The induced proteins, FabHA, FabHB, FabF, FabI, PlsX, and PanB, are enzymes involved in fatty acid biosynthesis and thus linked directly to the target pathway. The proteomic signature can now be used to assess the in vivo mechanisms of action of compounds derived from structureactivity relationship programs, as demonstrated for the platensimycin-inspired chromium bioorganometallic PM47. It will further serve as a reference signature for structurally novel natural and synthetic antimicrobial compounds with unknown mechanisms of action. In summary, we described a proteomic signature in B. subtilis consisting of six upregulated proteins that is diagnostic of fatty acid biosynthesis inhibition and thus can be applied to advance antibacterial drug discovery programs.
Bacterial infections continue to be a challenge throughout the world, especially in light of increasing development and dissemination of multiresistant pathogens that are more and more difficult to treat (33) . Therefore, prudent use of approved antibiotics and, more importantly, new antibiotics, preferably with new mechanisms of action and low resistance development rates, are urgently required to restrain infectious diseases. Two main strategies for antibiotic development are being pursued today: (i) identification of structurally novel antibiotics using screening approaches based on either natural or synthetic compounds and (ii) chemical modification of known antibiotics aiming at improving their antibacterial or pharmacological properties or at circumventing existing resistance mechanisms.
Since the recent discovery of platencin and platensimycin, two potent natural inhibitors of bacterial growth from Streptomyces platensis (15, 24, 31, 32) , there is renewed interest in fatty acid biosynthesis as an antibacterial target. Platensimycin as well as cerulenin, discovered in the 1960s, inhibit the 3-oxoacyl-acyl carrier protein (ACP) synthase II FabF (21, 32) , whereas platencin inhibits both FabF and 3-oxoacyl-ACP synthases III FabHA and FabHB (15, 31) . These enzymes catalyze the initial condensation of acyl-ACPs and existing fatty acid chains with malonyl-ACP, respectively (9) . In contrast, triclosan, another fatty acid biosynthesis inhibitor, discovered in the 1970s, targets the second reduction step in the fatty acid chain elongating biosynthesis cycle, inhibiting the enoyl-ACP reductase FabI (11) (see Fig. 1 for an overview). Neither triclosan nor cerulenin is used clinically as an antimicrobial agent. However, triclosan is used in consumer products, such as toothpaste (17, 29, 30) , while cerulenin is currently being evaluated as an antitumor therapeutic in combination therapies (10) . Platensimycin and platencin showed efficacy in a Staphylococcus aureus mouse infection model (31) . A number of structure-activity relationship (SAR) studies are being performed to identify lead structures for further development (14, 16, 18, 20) . In addition, the search for effective natural analogues continues (12, 35, 36) .
Proteomic profiling can support antibacterial drug discovery by contributing to target identification and mechanism-of-action studies (4, 7) . We have previously established a comprehensive proteomic response reference compendium using the Gram-positive model organism Bacillus subtilis. It contains proteomic response patterns for over 40 antibacterial compounds (2) . As the bacterial response to antibiotic treatment mirrors the inflicted damage, it is highly specific and closely linked to the antibiotic mechanism. Proteomic signatures indicative of the antibiotic mechanism of action can be established, if structurally different inhibitors of the same pathway are available (28) . Once they are established, these signatures can aid in mechanism-of-action identification of structurally novel compounds. For instance, the proteomic signature for inhibition of translation identified peptidyltransferase inhibition as the mechanism of action of the structurally novel compound Bay 50-2369 (2). The signatures can also serve as references to confirm the in vivo mechanism of action of SARderived compounds, provided the modified compound still has the same mechanism as the lead structure.
In this study we investigated the bacterial response to fatty acid biosynthesis inhibitors triclosan, cerulenin, platensimycin, and platencin. On the basis of the proteomic response profiles of B. subtilis, we were able to establish a proteomic signature for fatty acid biosynthesis inhibition. We then applied the newly established signature to investigate the mechanism of action of the chromium bioorganometallic PM47, a compound inspired by platensimycin, which displayed low activity against Gram-positive bacteria (19) . On the basis of the findings of proteome analysis, we could rule out fatty acid biosynthesis as its primary mechanism of action.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacillus subtilis 168 (trpC2) (1) was grown at 37°C under steady agitation in a defined medium previously described (25) . Cerulenin and triclosan were purchased from Merck KGaA, Darmstadt, Germany; platencin was synthesized by D. Chen; and platensimycin was provided by Merck & Co., Inc., Rahway, NJ. All antibiotic stock solutions were prepared in dimethyl sulfoxide (DMSO). MICs were determined in a test tube assay as described previously (2) . Two milliliters of defined medium was inoculated with 10 5 bacteria per ml, and the mixture was incubated at 37°C under agitation for 18 h. The MIC was defined as the lowest concentration inhibiting visible growth.
In growth experiments, bacterial cultures were exposed to antibiotics at different concentrations during early exponential growth phase after they reached an optical density at 500 nm (OD 500 ) of 0.35. An antibiotic concentration leading to a reduction in growth rate of approximately 50 to 70% was chosen for proteomic profiling experiments.
Preparation of cytoplasmic L-[
35 S]methionine-labeled protein fractions. For pulse-labeling experiments, 5 ml of a bacterial culture in early exponential growth phase was exposed to 0.5 g/ml triclosan, 5 g/ml cerulenin, 5 g/ml platensimycin, 0.2 g/ml platencin, or 25 g/ml PM47 or was left untreated as a control. After 10 min of antibiotic treatment, cells were pulse-labeled radioactively with 1.8 MBq L-[ 35 S]methionine (Hartmann Analytic, Braunschweig, Germany) for 5 min. Methionine incorporation was stopped by adding 1 mg/ml chloramphenicol and an excess of nonradioactive L-methionine (10 mM) and by immediately transferring samples onto ice. Cells were harvested by centrifugation and washed three times with 100 mM Tris-1 mM EDTA buffer, before disruption by ultrasonication in a VialTweeter instrument (Hielscher, Teltow, Germany) in 10 mM Tris buffer containing 1.39 mM phenylmethylsulfonyl fluoride. The soluble protein fraction was separated from cell debris by centrifugation at 16.1 ϫ g for 20 min. Protein concentrations were estimated using a Bradford-based Roti NanoQuant assay (Roth, Karlsruhe, Germany).
2D-PAGE. Unless otherwise noted, chemicals for two-dimensional (2D) gel electrophoresis were ordered from Sigma-Aldrich or Roth in electrophoresisgrade quality. Cytosolic proteins were solubilized in 400 l buffer containing 7 M urea, 2 M thiourea, 6.5 mM 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate, 0.5% Triton X-100, 1.04% Pharmalyte 3-10 (GE Healthcare, Uppsala, Sweden), and 50 mM dithiothreitol (DTT). Fifty or 300 g of protein for radioactive analytical gels and for nonradioactive preparative gels (for protein identification by mass spectrometry), respectively, was loaded onto 24-cm immobilized pH gradient (IPG) strips, pH 4 to 7 (GE Healthcare), by passive rehydration for 18 h. Isoelectric focusing was carried out using a Multiphor II apparatus (GE Healthcare), applying the following gradient: 0 to 500 V for 1 kVh, 500 V for 0.02 kVh, 500 to 3,500 V for 3 kVh, and 3,500 V for 57 kVh at 20°C. Prior to SDS-PAGE, proteins were reduced and subsequently alkylated for 20 min each in equilibration buffer (50 mM Tris, pH 8.8, 6 M urea, 30% glycerol, 2% SDS) supplemented with 1% DTT and 2.5% iodoacetamide, respectively. IPG strips were placed onto 12.5% SDS-polyacrylamide gels (acrylamide, bisacrylamide, 0.375 M Tris, 01.% SDS, 0.05% ammonium persulfate, 0.0138% N,N,NЈ,NЈ-tetramethylethylenediamine) and covered with 0.5% agarose in running buffer (25 mM tris, 192 mM glycine, 0.1% SDS). Electrophoresis was carried out using an Ettan DALTtwelve system from GE Healthcare at 0.5 W/gel for 1 h to allow transfer of proteins from the IPG strip into the polyacrylamide gel, followed by 10 W/gel for protein separation using the above-described running buffer (2ϫ buffer in the upper chamber, 1ϫ buffer in the lower chamber). Proteins were stained with 0.003% ruthenium(II) Tris(4,7-diphenyl-1,10-phenantrolin disulfonate) (RuBPs) (22) and imaged using a Typhoon Trio ϩ variablemode imager (GE Healthcare) set at an excitation wavelength of 532 nm and using a 610-nm emission filter. Analytical gels were dried on Whatman paper and exposed to storage phosphor screens (GE Healthcare). Screens were scanned with the Typhoon Trio ϩ imager at a 633-nm excitation wavelength and using a 390-nm emission filter. Images were analyzed as described by Bandow et al. (3) using Decodon Delta 2D image analysis software (Decodon, Greifswald, Germany). Proteins found to be induced more than 2-fold in three independent biological replicates are reported as marker proteins.
Protein identification. Protein spots were excised from preparative 2D gels and transferred into 96-well microtiter plates. Tryptic digestion with subsequent spotting on a matrix-assisted laser desorption ionization (MALDI) target was carried out automatically with an Ettan spot handling workstation (Amersham Biosciences, Uppsala, Sweden) as described by Eymann et al. (8) .
MALDI-time of flight (TOF) measurements were carried out on a 4800 MALDI TOF/TOF analyzer (Applied Biosystems, Foster City, CA) designed for high-throughput measurements. The instrument allows automatic measurement of the samples, calibration of the spectra, and analysis of the data using 4000 Explorer software, version 3.5.3. Spectra were recorded in a mass range from 900 to 3,700 Da with a focus mass of 2,000 Da. For one main spectrum, 25 subspectra with 100 shots per subspectrum were accumulated using a random-search pattern. If the autolytical fragment of trypsin with the monoisotopic (MϩH) ϩ m/z at 2211.104 reached a signal-to-noise (S/N) ratio of at least 10, internal calibration was automatically performed as one-point calibration using this peak. The standard mass deviation was less then 0.15 Da. If the automatic mode failed (for less than 1% of samples), the calibration was carried out manually. After calibration, the peak lists were created by using the "peak-to-mascot" script of the 4000 Explorer software, version 3.5.3, using the following settings: mass range from 900 to 3,700 Da, peak density of 50 peaks per 200 Da, minimal area of 100, and a maximum of 200 peaks per spot. The peak list was created for an S/N ratio of 6.
The MALDI-TOF-TOF measurements were also carried out on the 4800 MALDI TOF/TOF analyzer. The three strongest peaks of the TOF spectra were measured. For one main spectrum, 20 subspectra with 125 shots per subspectrum were accumulated using a random-search pattern. Internal calibration was automatically performed as one-point calibration, with the monoisotopic arginine (MϩH) ϩ m/z at 175.119 or lysine (MϩH) ϩ m/z at 147.107 reaching an S/N ratio of at least 5. The peak lists were created by using the script of the 4000 Explorer Software, version 3.5.3, with the following settings: mass range from 60 to precursor mass plus 20 Da, peak density of 5 peaks per 200 Da, minimal area of 100, and a maximum of 20 peaks per precursor. The peak list was created for an S/N ratio of 5. For database search, the Mascot search engine, version 2.1.04 (Matrix Science Ltd., London, United Kingdom), with a specific B. subtilis sequence database was used.
RESULTS

Proteomic signature of fatty acid biosynthesis inhibition.
Bacterial cells react quickly to subinhibitory concentrations of antibiotics by adjusting their protein synthesis (2) . In many cases, translation capacity is allocated to production of proteins that counteract the loss of function or the damage inflicted by the antibiotic action. The cellular response is highly specific for each antibiotic compound, with some of the responder proteins reflecting the antibiotic mechanism of action and others being structure specific. Structurally different antibiotics that cause the same physiological condition in the cell induce the same responder proteins. Those responder proteins indicative of the antibiotic mechanism constitute the antibiotic proteomic signature.
To establish an antibiotic proteomic signature for fatty acid biosynthesis inhibition, the protein synthesis patterns of triclosan, cerulenin, platensimycin, and platencin were compared to identify common responder proteins. Reproducibility of the proteome response patterns for each of the antibiotics is absolutely critical and highly dependent on reproducibility of the cellular growth and antibiotic treatment conditions. Differences in antibiotic concentration, cell density, or incubation time may have a significant impact on protein synthesis profiles. This is of particular concern, when an antibiotic mode of action is known to shift in a concentration-dependent manner. Triclosan, e.g., inhibits fatty acid biosynthesis at low concentrations but at higher doses also damages multiple cytoplasmic and membrane targets (23, 26, 27) .
We first determined the MICs of the four antibiotics against B. subtilis under growth conditions similar to those used for proteomic sample generation. The MICs in defined medium with cells aerated during overnight incubation were 0.1 g/ml for triclosan, 0.2 g/ml for platencin, 1 g/ml for platensimycin, and 5 g/ml for cerulenin. Growth experiments with different antibiotic concentrations added to the cultures in early exponential growth phase were then performed to identify a concentration that inhibited bacterial growth visibly without killing the cells. A growth rate reduction of 50 to 70% in the exponential growth phase compared to the untreated control growth had previously proven useful for proteome analysis (2) . In order to generate the desired growth inhibition, concentrations of up to five times the MIC were used to treat the cultures. Representative growth curves of B. subtilis cultures exposed to fatty acid biosynthesis inhibitors at concentrations selected for proteome analyses are shown in Fig. 2 .
Once a suitable antibiotic concentration was found, pulselabeling experiments with L-[
35 S]methionine were performed to specifically label those proteins newly synthesized during the 5-min pulse either after treatment with a fatty acid biosynthesis inhibitor or under control conditions. Highly reproducible protein expression profiles were obtained from three biological replicate experiments for each antibiotic following a standardized protocol for protein separation and gel image analysis. Marker proteins reproducibly induced at least 2-fold for each antibiotic are listed in Table 1 . All fatty acid biosynthesis inhibitors tested induced six common marker proteins (Fig. 3) . These six markers make up the proteomic signature for fatty acid biosynthesis inhibition. All of them are involved in fatty acid biosynthesis. Indirectly contributing to fatty acid or phospholipid biosynthesis is PanB, an enzyme of the pantothenate biosynthesis pathway. Pantothenate is a precursor of the cofactor of ACP and a precursor of coenzyme A (CoA). Coenzyme A is essential for fatty acid biosynthesis, as the condensation cycle always starts with acetyl-CoA or branched-chain CoAs (Fig. 1) and chain elongation requires malonyl-CoA. The other five marker proteins are involved directly in fatty acid biosynthesis. The 3-oxoacyl-ACP synthases FabHA, FabHB, and FabF initiate the condensation reaction with different substrate preferences, whereas enoyl-ACP reductase FabI catalyzes the second reduction step of the condensation cycle. PlsX starts the conversion of fatty acids to phospholipids. On the transcriptional level in B. subtilis, all five enzymes are negatively controlled by the FapR repressor and are therefore part of the same regulon (Fig. 1) .
Platensimycin exclusively induced the marker proteins of the proteomic signature for fatty acid biosynthesis inhibition. Triclosan, cerulenin, and platencin each induced some additional marker proteins specific for each compound (Table 1 ). Some of these proteins are related indirectly to fatty acid biosynthesis, as they are involved in acetyl-CoA production. Cerulenininduced Ald is a putative dehydrogenase forming pyruvate from L-alanine, while triclosan-induced PdhC is a subunit of pyruvate dehydrogenase as well as branched-chain alpha 2-oxoacid dehydrogenase, which generate acetyl-CoA and branched-chain CoAs, respectively. Some of the marker proteins, such as platencin-induced YkrS involved in the methionine salvage pathway, could not be connected directly to fatty acid biosynthesis. Others could not be identified by mass spectrometry due to a lack of protein accumulation. However, these protein signals defined by their coordinates on the 2D gel map still serve as antibiotic-specific markers, as they are reproducibly induced after antibiotic treatment.
Proteomic analysis of platensimycin analogue PM47. Patra et al. synthesized different organometallic platensimycin derivatives aiming to preserve the steric properties while at the same time simplifying synthesis and potentially improving antibacterial properties (19) . One of these compounds is the chromium bioorganometallic PM47 (Fig. 4) , which shows low activity against Gram-positive bacteria and has a MIC of 80 g/ml against B. subtilis (19) .
The proteomic response of B. subtilis to 25 g/ml PM47 was investigated to test whether PM47 still inhibits fatty acid biosynthesis or has another mechanism of action. Induction of the marker proteins belonging to the proteomic signature for fatty acid biosynthesis inhibition would be expected if the mechanism of action were preserved.
The proteomic responses to PM47 and platensimycin were compared, as the latter induced exclusively the proteins belonging to the fatty acid biosynthesis inhibition signature (Fig.  5) . None of the six signature markers nor any of the compound-specific marker proteins were induced by PM47, indicating that PM47 does not inhibit fatty acid biosynthesis. Seventeen proteins were significantly upregulated upon PM47 treatment. The comparison of the proteomic response to PM47 with the proteomic profiles in the reference compendium (2) did not yield a close match, although some of the PM47 marker proteins are also induced by membrane-active antibiotics (data not shown). There was further evidence that platensimycin derivative PM47 has another mechanism of action than its lead compound. In contrast to bacteriostatic platensimycin, PM47 was shown to be bacteriolytic at higher doses.
DISCUSSION
Bacteria respond to antibiotic treatment in a highly specific way. The proteome mirrors the physiological impairment caused by the antibiotic. Due to this tight connection between mechanism of action and proteomic response, we can use proteomics to support mechanism-of-action studies in antibacterial drug discovery programs (2, 5, 6) . To this end, we established a reference compendium of proteome response profiles for over 40 antibiotics, including almost all clinically relevant antibiotic classes. Recently, the discovery of novel inhibitors with antibacterial activity sparked renewed interest in fatty acid biosynthesis as an antibiotic target (34) . The comparison of proteomic responses to four different inhibitors of fatty acid biosynthesis allowed the description of a proteomic signature diagnostic of fatty acid biosynthesis inhibition consisting of six upregulated proteins connected to the target pathway. This proteomic signature, together with the signatures already available in the reference compendium, serves to classify structur- (Fig. 1) . For the four enzymes directly involved in fatty acid biosynthesis, FabI, FabF, FabHA, and FabHB, Hutter et al. previously reported induction of transcription by fatty acid biosynthesis inhibitors cerulenin and triclosan (13) . Malonyl-CoA sterically inhibits FapR (9) . It can be expected that this precursor of fatty acid biosynthesis accumulates upon fatty acid biosynthesis inhibition, causing derepression of the fatty acid biosynthesis enzymes. The sixth marker protein of the proteomic signature, PanB, is involved in the biosynthesis of coenzyme A, an essential cofactor for fatty acid biosynthesis, as the condensation reaction always starts with acetyl-CoA or branched-chain CoAs. None of the six signature proteins were induced by any of the antibiotics with mechanisms other than fatty acid biosynthesis inhibition tested so far.
Beside the six proteins induced by all inhibitors tested, some additional proteins are upregulated in response to one or two of the antibiotics. Some of these are connected to fatty acid biosynthesis as they contribute to the acetyl-CoA metabolism. Others may be induced as a result of compound-specific reactions.
The newly established proteomic signature for fatty acid biosynthesis inhibition was used to evaluate the mechanism of action of a compound derived from an SAR program around the lead structure of platensimycin. Chromium-containing organometallic analogue PM47 showed low antibacterial activity (19) against Gram-positive pathogens. PM47 treatment did not induce fatty acid biosynthesis enzymes, proving that the in vivo mechanism of action is not inhibition of fatty acid biosynthesis. This finding is interesting, as in silico docking studies indicated that the compound fits well into the same binding pocket as platensimycin (19) . However, a different mechanism of action is in concordance with the observation that, unlike fatty acid biosynthesis inhibitors, PM47 is bacteriolytic at higher doses. Interestingly, the entire reference compendium does not contain a proteomic signature or protein response profile matching that of PM47, pointing to an unprecedented mechanism of action. There is some overlap in marker proteins with membrane-active antibiotics. Further studies would be necessary to elucidate the mechanism of action. However, PM47 shows cytotoxicity against mammalian cells at sub-MICs (19) , suggesting a nonspecific, toxic mechanism.
